A three-dimensional numerical study has been carried out to understand the effect of axial wall conduction in a conjugate heat transfer situation in a wavy wall square cross section microchannel engraved on solid substrate whose thickness varying between 1.2-3.6 mm. The bottom of the substrate (1.8 × 30 mm 2 ) is subjected to constant wall heat flux while remaining faces exposed to ambient are assumed to be adiabatic. The vertical parallel walls are considered wavy such that the channel cross section at any axial location will be a square (0.6 × 0.6 mm 2 ) and length of the channel is 30 mm. Wavelength (λ) and amplitude (A) of the wavy channel wall are 12 mm and 0.2 mm respectively. Simulations has been carried out for substrate thickness to channel depth ratio (δsf ~ 1 -5), substrate wall to fluid thermal conductivity ratio (ksf ~ 0.34 -646) and flow rate (Re ∼ 100 to 500).
INTRODUCTION
In microscale thermal devices, the coupling between wall and bulk fluid temperatures plays important role in the overall heat transfer process. The consequence is that the axial conductive heat transfer in the wall cannot be neglected and that, the heat flux at the solid-fluid interface doesn't remain constant irrespective of constant wall heat flux applied at the base of the substrate. Till now many numerical and experimental studies had been performed on conjugate heat transfer problems in laminar flow pertaining to microchannels and microtubes considering heating over the entire length to understand the effect of axial wall conduction. Moharana and coauthors [1] [2] [3] [4] [5] [6] had performed detailed numerical simulation and highlighted the effect of axial wall conduction in microchannels under conjugate heat transfer situations. They also thoroughly reviewed axial wall conduction in microchannel systems and highlighted the role of parameters that affect the thermal performance of microchannels. They found that thermal conductivity ratio and relative wall thickness plays a dominant role in conjugate heat transfer process. It is also found that there exist optimum values of conductivity ratio which maximize average Nusselt number over the full channel length.
Wang et al. [7] experimentally studied conjugate heat transfer in trapezoidal shaped (Dh 155 μm) microchannel under fully-heated conditions on one wall and found that the predictions of wall temperatures and local Nusselt numbers are in good agreement with the experimental data.
Zhang et al. [8] numerically studied the effects of wall axial heat conduction in a conjugate heat transfer problem in simultaneously developing laminar flow and heat transfer in straight thick wall of circular tube with constant outside wall temperature. The results show that the heat transfer process is most sensitive to wall-tofluid conductivity ratio ksf, and when ksf ≤ 25, the increasing tube thickness and the decreasing ksf could make the inner wall surface approaching the uniform heat flux condition.
Huang et al. [9] performed an experimental investigation with molecule-based temperature sensors Rhodamine B/DI water and Ru(bpy)/dope for the effect of axial wall conduction in microchannel flow. It was found that the local Nu is higher at the entrance compared with the theoretical calculation because more 3 aggressive temperature rise at the microchannel entrance is observed and half of the temperature increases at 1/8 of channel length of flow Re ~ 15. It also confirms the effect of axial wall conduction on alternating heat transfer behavior in microchannels.
All the existing studies dealing with conjugate heat transfer are based on straight wall channels of different cross-sectional shapes such as circular, rectangular, square and trapezoidal etc. It has been well-known that when liquid flow in a wavy passage, the mixing of fluid layers is better due to secondary flows (Dean Vortices) generated which enhance the heat transfer rate. The concept of wavy passage had been tested by many researchers for heat transfer enhancement study [10] [11] . Recently, Rosaguti et al. [12] performed a numerical study in periodic serpentine channels with various cross-section shapes. They found that when the liquid flow through a wavy passage, the Dean vortices and complex flow patterns emerge. The heat transfer performance found to be greatly improved over straight channels with the same cross section.
Geyer et al. [13] had conducted a numerical investigation on fully developed flow in square ducts with serpentine channel path. From the study, it was found that fluid momentum changes as the fluid moving in serpentine path. The effect of moving fluid parallel to the direction of flow creating Dean's vortices that provides strength after each bend and subsequently enhances the heat transfer performance of the fluid.
Gong et al. [14] used raccoon and wavy microchannels to investigate the performance enhancement of laminar fluid flow subjected to constant heat flux boundary condition. The results shows that the channel having faces (crest and trough) parallel (i.e. wavy channel) to each other has an edge in thermal performance over the configuration where faces (crest and trough) opposite (i.e. raccoon channel) to each other.
Sui et al. [15] numerically analyzed laminar liquid flow and heat transfer in wavy microchannels with rectangular cross-section. The results shows that the quantity and location of the vortices changed along the flow direction leading to scattered advection that improves the convective fluid mixing. Thus, the heat transfer performance was much larger than pressure drop penalty. Secondly, relative waviness renders the temperature distribution much more uniform.
Review of the literature revealed that many studies do exists that deal with independent studies of either conjugate heat transfer in straight wall microchannels or thermal performance of wavy wall microchannels. But none of the studies considered conjugate heat transfer in wavy wall microchannel. So, the present work proposes a three dimensional numerical approach to understand the wall conduction effect in wavy microchannels with square cross-section, under constant wall heat flux condition. Based on the axial variation of wall flux (ϕ) and wall temperature (Θw), at the solid-fluid interface and bulk fluid temperature (Θf), local and average Nusselt number are predicted for different wall thickness ratio (δsf ~ 1 -5) , thermal conductivity ratio (ksf ~ 0.34 -646) and flow rate (Re ~ 100 to 500). The thermos-physical properties of water at the channel inlet temperature of 300 K is taken from the Fluent database and listed in Table 1 . The applied heat flux value is calculated based on temperature rise of the fluid between the inlet and the outlet of 60 K. From calculation, the desired heat flux at the bottom surface of the substrate is found to be 279.52 kW/m 2 . A round figure value of 300 kW/m 2 was considered which will result in rise in the fluid temperature to be slightly higher than 60 K. Inlet velocity (u) is uniform which is calculated corresponding to the flow re considered, given by Re = ρ·u·Dh/μ. The uniform water velocity at channel inlet corresponding to flow Re 100 and 500 comes out to be 0.1674 and 1.25 m/s.
NUMERICAL SIMULATION
The continuity, momentum and energy equations are solved using commercial Ansys-Fluent ® software.
'SIMPLE' algorithm is used for pressure velocity coupling, 'Second order upwind scheme' is used for discretization of momentum and energy equations. Pressure interpolation is done using 'standard' scheme.
Standard grid independence procedure is adopted to select suitable mesh size. For example, three different grid size of 20×20×100, 24×24×120, and 30×30×150 was used for a wavy vertical square microchannel with negligible wall thickness and local Nusselt number, and pressure drop obtained for a microchannel with negligible wall thickness. The local Nusselt number at the fully developed flow regime changed by 0.55% and the pressure drop changed by less than 1.2% when shifted from the first grid (20×20×100) to third grid size (30×30×150) respectively. So, the middle grid (24×24×120) is selected. Absolute convergence criteria for continuity, energy and momentum equations were taken to be 10 -6 , 10 -6 and 10 -9 respectively.
DATA REDUCTION
The 
where, Tfi and Tfo are the average bulk fluid temperature at the inlet and outlet of the channel respectively, Tf is the average bulk fluid temperature at any location z, and Tw is the wall temperature at the same location. The local Nusselt number is:
where hz is the local heat transfer coefficient and is given by
The average Nusselt number is given by
RESULTS AND DISCUSSION
The substrate thickness is varied (1.2-3 mm) while the channel height is maintained constant at 0.6 mm such that the substrate thickness δs (below channel) to channel height (δf) ratio δsf varies from 1 to 5. This will help to understand the effect of wall or substrate thickness on conjugate heat transfer. The wall conductivity and flow rate is also varied such that ksf = 0.34-646, and Re = 100-500. Thus, the parametric variations include δsf, ksf and Re. In the geometry under consideration, only one channel wall is parallel to the surface on which constant wall heat flux is applied, while the remaining two channel walls are perpendicular to it. This makes the heat transfer in transverse direction a two dimensional in nature. As the thickness of the solid substrate increases, the fully 7 heated boundary moves away from the actual solid-fluid interface. Ideally, it is expected that there is no axial variation of wall heat flux at the solid-fluid interface as uniform heat flux is applied over the whole bottom surface of the substrate. Higher substrate thickness causes higher solid cross-section area, thus scope for higher axial wall conduction. As heat flows by conduction in a direction opposite to that of fluid, the heat flux near the inlet will likely to be higher than near the outlet. This will indicate influence of axial wall conduction.
Considering this, the axial variation of dimensionless local heat flux at the solid-fluid interface (  ) is presented in Fig. 2 for different Re, ksf and δsf. The ideal value of  should be equal to unity throughout the length of the channel, which is shown in Fig. 2 by a horizontal dotted line. It is clear from Fig. 2 that the actual heat flux affecting at the solid-fluid interface irrespective of the conductivity ratio, thickness ratio and flow rate. At low ksf (Fig. 2a ) dimensionless local heat flux holds an ideal value except at the peak of the channel for all the values of δsf. This happen due to wavy passage and boundary layers shifted from the centre line towards the peak which is clearly indicated in Fig. 2 . Hence the variation of  is in a wavy form along the channel length for the value of ksf, δsf and flow Re. Secondly at higher ksf (Fig. 2(c) ), dimensionless local heat flux (  ) deviates from the ideal value and continuously decreases towards the outlet. The deviation of  also increases with δsf.
This indicates the dominance of axial wall conduction at these situations. As the Re value increased to 500 (see Fig. 2 (d,e,f) ), it can be observed that hydrodynamic and thermal boundary layers are thinned due to wavy passage and the waviness of the ф drops down at the peak and move towards the ideal value for all value of ksf and δsf. So here flow Re plays an important to role to reduce the dominance of axial wall conduction. Fig. 3 shows the axial variation of dimensionless wall and bulk fluid temperature as a function of ksf, Re and δsf.
FIGURE 2. VARIATION OF DIMENSIONLESS WALL HEAT FLUX
In Fig 3a (low ksf) , the wall and fluid temperature rise as per the conventional theory applicable for the zero wall thickness subjected to the constant wall heat flux boundary condition and after reaching in fully developed condition the wall and fluid temperature difference (Θw-Θf) attains a constant value. In Fig. 3 (c, f) , this is the case in which the difference between the solid wall temperature and fluid wall temperature (solid-fluid interface)
is very less, so we can say this is the isothermal condition. And near the inlet region, the wall temperature decreases rapidly. Here we can say that the behavior of plot similar to the conventional theory applicable for the zero wall thickness subjected to the constant wall temperature boundary condition. In fully developed region, the temperature difference (Θw-Θf) increases with increase in flow Re (Fig. 3 (d, e) ). And also with increase in Re, the thermal performance is enhanced which can be observed in Fig. 3 (d) . Fig. 4 shows the axial variation of local Nusselt number subjected to constant wall heat flux boundary condition. Like dimensionless local heat flux, the fully developed Nusselt number is found to be lower at the peak for all value of ksf and δsf and flow Re. Secondly, at lowest ksf (Fig. 4 (a,d) ), fully developed Nu is attains lowest value for all value of δsf. As the ksf increases, the value of fully developed Nu is increases and at the time corresponding to the increase in flow Re increases the time to attains the fully developed condition which is clearly shows in Fig. 4 (e, f) ,. Means that the dominance of the conductivity ratio ksf, in affecting the alteration in the local Nusselt number due to conjugate heat transfer effects, is higher than the thickness ratio δsf. As already discussed the hydrodynamic and thermal boundary layers are thinned due towavy passage and they shifted from the centerline towards the peak. This biased shift in the centerline velocity was observed to occur with increasing Re = 500. This results in significantly enhanced the thermal performance, which can be observed in Fig. 4 (d,e,f) , where the local Nusselt number found to be larger near the peaks compared to low Re = 100 for all value of δsf. And as the ksf value increased the local Nusselt number were also increases. This helps to decrease the dominance of axial wall conduction. From above discussion we can say the value of local Nusselt number is function of Re and ksf. (7) with varying conductivity ratio ksf. For constant wall heat flux approach, it can be observed that at low ksf, the value of Nuavg is small for all thickness ratio (δsf) and flow Re. Further increase in ksf, Nuavg attains a maximum value and after that the slope goes downward with increasing ksf for all set of δsf and
FIGURE 3. VARIATION OF DIMENSIONLESS WALL AND BULK FLUID TEMPERATURE
Re. This decrease in Nuavg is primarily due to the increasing effect of conjugate heat transfer in the wavy microchannel, leading to axial wall conduction. As flow development length increases with Re, it causes to increase the average Nu while other parameters (ksf and δsf) are same.
SUMMARY AND CONCLUSION
A numerical study has been carried out to understand the effect of axial wall conduction in conjugate heat transfer situation in a square cross-section wavy microchannel. Simulations have been carried out for a wide range of substrate wall to fluid conductivity ratio (ksf ~ 0.34 to 646), substrate thickness to channel depth ratio (δsf ~ 1, 3, and 5), and flow Re (100 to 500). The results clearly show that the dominance of the conductivity ratio ksf, in affecting the alteration in the local Nusselt number due to conjugate heat transfer effects, is higher than the thickness ratio δsf. The axial conduction alters the condition at the solid-fluid interface more prominently at higher substrate conductivity (ksf) and at lower flow Re. With decreasing ksf, the situation improves. Again, with increasing flow Re, the effect of axial wall conduction decreases. As a result the local Nusselt number for Re = 500 found to be larger near the peaks compared to low Re = 100 for all value of δsf.
And also at ksf = 22, Nuavg attains its maximum value and after that slope goes downward with increasing ksf for all set of δsf and Re. 
